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INTRODUCTION 

I n  the  l a s t  two decades,  f l a s h  p y r o l y s i s  has  been used t o  i n v e s t i g a t e  t h e  
s t r u c t u r e  of c o a l  and s h a l e  (1 -4 ) .  Seve ra l  c o a l  conversion processes  based on 
f l a s h  py ro lys i s  a r e  under i n v e s t i g a t i o n  i n  the  uni ted S t a t e s  (5 -8 ) ,  West Germany 
( 9 ) ,  and Aus t r a l i a  (10,11,12) .  S tud ie s  of t he  molecular p rope r t i e s  of the f l a sh  
py ro lys i s  products  have been confined t o  the  l i b e r a t e d  organic  mat ter :  v o l a t i l e  
l i q u i d s  and gases .  Changes occur r ing  i n  the  organic  s t r u c t u r e  of t he  chars  a r e  
poorly understood. 

The development of "C c r o s s  p o l a r i z a t i o n  (CP) (13) and Magic Pngle Spinning 
(MAS) ( 1 4 )  Nuclear Magnetic Resonance (NMR) spectroscopy with high-power proton 
decoupling has allowed i n v e s t i g a t o r s  t o  ob ta in  s p e c t r a  o f  t he  organic  mat ter  i n  
s o l i d  coal  (15-25).  Su l l ivan  and Maciel (26) and Dudley and Fyfe ( 2 7 )  have 
v e r i f i e d  the  q u a n t i t a t i v e  r e l i a b i l i t y  of t h i s  technique as  appl ied t o  coal .  I3C 
NMR spec t r a  of c o a l  demonstrating the  u t i l i t y  of both CP and MAS have been r e -  
ported previously (15,16,18,21,22) ,  however, t h e r e  has been no reported i n v e s t i -  
ga t ion  of I3C CP/E/LAS NMR s p e c t r a  of  the cha r s  produced by f l a s h  py ro lys i s .  

This paper  r e p o r t s  t he  r e s u l t s  of t h i s  technique appl ied to the s tudy of 
cha r s  produced by the  f l a s h  p y r o l y s i s  of coa l  a t  progressively h ighe r  temperatures.  
The i nves t iga t ion  has given va luab le  i n s i g h t  i n t o  the chanqes of organic  composi- 
t i o n  of  coal  during ca rbon iza t ion  a s  w e l l  a s  t he  optimum temperature f o r  e f f i c i e n t  
conversion of coal  i n t o  l i q u i d s  and qases.  

EXPERIMENTAL 

A h igh -vo la t i l e  C bituminous (HVCB) I l l i n o i s  Harr isburg ( N o .  5 )  coa l  was used. 
The analyses  of  t he  raw coa l  sample a r e  given i n  Table 1. The coa l  was f l a s h  
pyrolyzed i n  a qua r t z  tube under a flow of  helium. The tube was heated a t  a ramp- 
r a t e  of 75°C/msec t o  t h e  d e s i r e d  f i n a l  temperature with a 20 sec hold a t  the f i n a l  
temperature.  Since only small  q u a n t i t i e s  of c o a l  were used fo r  each run ,  a 
sample of s u f f i c i e n t  S i ze  f o r  NMR a n a l y s i s  and elemental  ana lys i s  a t  each tempera- 
t u r e  was prepared by combining t h e  products  of  r e p l i c a t e  p repa ra t ions .  

Chars produced a t  300", 400°, 5 0 0 ° ,  6 0 0 ° ,  700°, and 800°C were s tud ied .  The ' 3C CP/MAS NMR measurements of  t h e  cha r s  were made on a JEOL FX6OQ NMR spectro-  
meter modified for CP and MAS. The s p e c t r a  were recorded under s tandard condi- 
t i o n s  t h a t  have been descr ibed p rev ious ly  ( 2 6 ) .  

For t h e  v o l a t i l e  a n a l y s i s ,  t h e  same sample of  coal  was heated i n  s t e p s ;  f i r s t  
to  3OO0C, then success ive ly  t o  400°C, 500°C, 600"C, 700°C, and t o  ROO'C. The 
v o l a t i l e  mat ter  was en t r a ined  i n  a helium flow of 35 mL/min and w a s  analyzed by 
gas chromatography (GC)  us ing a 2.5m x 3 mm s t a i n l e s s  s t e e l  column packed with 3% 
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Table 1. Proximate and u l t ima te  composition of  t h e  I l l i n o i s  NO. 5 (HVCB) coa l  
sample. (moisture-free b a s i s )  . 

Proximate ana lys i s  % u l t ima te  a n a l y s i s  % 

V o l a t i l e  mat ter  
Fixed carbon 
Ash 

43.3 Hydrogen 4.72 
44.3 Carbon 65.45 
12.4 Nitroqen 1.13 

Oxygen (by d i f f . )  11.52 
S u l f u r  3.91 
L o w  Temp. Ash 13.27 

Dexsil  300 on 80/100 Chromosorb WHP connected t o  a flame i o n i z a t i o n  d e t e c t o r  (FID).  
The column temperature was programed from 5OoC t o  250°C a t  8'C/min and held a t  
t he  f i n a l  temperature f o r  15 min. 

RESULTS AND DISCUSSION 

The GC t r a c e s  of v o l a t i l e  products evolved a t  each cha r r ing  temperature a r e  
shown i n  Figure 1. The evolut ion of decomposition p roduc t s ,  gases  and l i q u i d s ,  
s t a r t s  a t  5OO0C, maximizes a t  6OO0C,  and completes a t  700°C. A t  800OC the  main 
v o l a t i l e s  evolved a r e  hydrogen and l i g h t  hydrocarbon gases .  The hydrogen t o  
carbon atom r a t i o s  (H/C) of t he  coa l  an8 cha r s  a t  each temperature a r e  given i n  
Table 2 .  There i s  l i t t l e  change i n  t h e  H/C r a t i o s  a t  temperatures  below 500'C. 
Above 5OO0C, the  H/C r a t i o s  decrease a s  t he  temperature i s  increased.  The d a t a  
show a change i n  H/C value from O . R 2  (highly benzenoid) a t  50OoC t o  0.36 (highly 
g r a p h i t i c )  a t  800°C. Based on s i m i l a r  r e s u l t s ,  polycondensation o f  t h e  aromatic 
r i n g  system occuring a t  t h e  same time a s  dehydrogenation of t h e  hydroaromatic and 
a l i c y c l i c  systems has been suggested a s  a model f o r  carbonizat ion by e a r l y  c o a l  
workers (28) .  However, 1 3 C  CP/MAS NMR r e s u l t s  give an i n s i q b t  i n t o  the  chanqes 
of t he  organic  mat ter  of cha r s .  

Table 2. The atomic r a t i o  of hydrogen t o  carbon (H/C) f o r  coa l  and cha r s  a t  each 
temperature s t ep .  

Temperature ("C) Raw coa l  300 400 500 600 700 800 

H/C 0.R7 0.87 0.85 0.82 0.57 0.54 0.36 

I 3 C  CP/MAS NMR s p e c t r a  of t h e  raw coa l  and the  s i x  cha r s  a r e  i l l u s t r a t e d  i n  
Figure 2.  I n  gene ra l ,  t he  s p e c t r a  e x h i b i t  two broad c h a r a c t e r i s t i c  peaks.  The 
chemical s h i f t s  a r e  referenced t o  t e t r ame thy l s i l ane  (TMS) with hexamethylbenzene 
( H M B )  used a s  a secondary e x t e r n a l  s tandard.  The chemical s h i f t  of t h e  aromatic  
peak of HMB i s  taken t o  be 132.3 ppm r e l a t i v e  t o  TMS. The peak a t  129 ppm i s  
assigned t o  sp2  
sp3  ( sa tu ra t ed )  carbon. 

(mainly aromatic)  carbon and t h e  peak a t  3 0  ppm i s  assiqned to  

The I 3 C  CP/MAS NMR spec t r a  show ( f i g .  2 )  t h a t  t h e  a l i p h a t i c  carbon peak i s  
progressively decreasing a s  the  temperature is inc reased ;  while  t h e  aromatic  
carbon peak r e t a i n s  approximately the  same he igh t  and shape. The peaks a t  298 
ppm and -37 ppm a r e  spinning s i d e  bands (SSB). For a given temperature t h e  NMR 
spec t r a  provide a measure of  t h e  r e l a t i v e  carbon d i s t r i h u t i o n  of the  organic  
ma te r i a l  remaining i n  t h e  cha r .  The r e l a t i v e  percentages of aromatic ( f a r )  and 
of a l i p h a t i c  ( f a l l  carbons a r e  ca l cu la t ed  by d iv id ing  t h e  i n t e g r a t e d  a rea  of each 
ind iv idua l  carbon peak by the  sum of t h e  a r e a s  of the  peaks.  The f a l  values of 
cha r s  a r e  shown i n  Figure 2 .  The f a r  of  t h e  raw coa l  i s  67%. The i n i t i a l  s t a g e  
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of heat ing (30OoC) produces a cha r  w i th  68% of f a r ,  and success ive  hea t ings  give 
cha r s  w i t h  far  of 70% (4OO0C), 73% 
(800°C). However, t he  a c t u a l  amount of aromatic  (war) and a l i p h a t i c  ( w a l )  carbon 
i n  cha r  can be ca l cu la t ed  by using the NMR measurements ( f a r ;  f a l ) ,  t he  organic  
carbon content of t he  cha r  (%Corg) ,  and t h e  weight of  t he  char  (wchar). 

(5OO0C), 89% (6OO0C), 95% (7OO0C), and 96% 

Figure 3 shows t h e  c a l c u l a t e d  values  and the weiqht  of char based on 100 g 
of raw coal  used i n  r e l a t i o n  to  temperature:  t he  amount of  aromatic  carbon i n  
cha r  (war) remains r e l a t i v e l y  cons t an t  a t  each temperature ,  while t h e  amount of 
a l i p h a t i c  carbon i n  char  ( w a l l  i s  reduced during higher  temperature charr ing.  A t  
600"C, both a l a r g e  reduct ion of  t he  a l ipha t i c -ca rbon  con ten t  and a maximum 
weight l o s s  occur.  

This s tudy  shows t h a t  t he  a l i p h a t i c  p a r t  of t h e  organic  ma t t e r  i n  coal  i s  
s u b s t a n t i a l l y  l o s t  during p y r o l y s i s  a t  temperature g r e a t e r  than 5OOOC. 
t h e  l o s s  of a l iphat ic-bound carbon from c o a l  may involve s e v e r a l  mechanisms, it 
may have been v o l a t i l i z e d  d i r e c t l y  o r  i t  may have been converted t o  an aromatic 
form fromwhich i t  could v o l a t i l i z e  o r  could become f ixed a s  p a r t  o f  the char.  
The maximum temperature f o r  e f f i c i e n t  evo lu t ion  of  v o l a t i l e s  from coal  by h e a t  i s  
a t  600°C to 700'C. A l s o ,  t h e  amount o f  carbonaceous r e s idue  a t  800°C can be 
est imated from the  aromatic-bound carbon o f  raw coa l .  
CP/MAS NMR technique a s  a t o o l  f o r  coa l  process  research i s  c l e a r l y  demonstrated. 

Although, 

The use fu lness  of the I 3 C  
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Fig. 2 .  " C  CP/MAS NMR s p e c t r a  of liie raw coal and of 
t h e  chars  a t  the var ious r l ia r r ing  Cemprratures. 
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